We analyzed synthetic aperture radar interferometry (InSAR) to reveal surface deformation associated with the 26 May 2006 Yogyakarta earthquake, for which the fault location and geometry have not been clearly determined. Our results demonstrate that surface deformation occurred ∼10 km east of the Opak River fault thought to be the source of the May 2006 event and that the probable causative fault delineated in this study is consistent with aftershock epicenters determined by a temporary seismic network. The trace of the causative fault bends at its southern termination toward the Opak River fault as if it were a splay. Our data demonstrate that another probable slip plane extends across Yogyakarta and that the heavily damaged areas covered by young volcanic deposits may have undergone subsidence during the earthquake.
Introduction
On 26 May 2006 at 22:54 UTC, the Yogyakarta earthquake occurred with a left-lateral strike-slip mechanism (see Harvard-CMT, 2006; Nakano et al., 2006; NEIC-FMT, 2006; Yagi, 2006) . The U.S. Geological Survey estimated the magnitude of the earthquake as M w 6.3 (USGS Preliminary Earthquake Report, 2006) . Subsequently, ∼750 aftershocks have been reported, with the largest one measured at M w 5.2. About 6000 people were killed, 50,000 were injured, and as many as 600,000 people were displaced in the Bantul-Yogyakarta area. More than 127,000 houses were destroyed, and an additional 451,000 were damaged in the area, with the total loss estimated at approximately 3.1 billion U.S. dollars (see Consultative Group on Indonesia, 2006) . All these factors suggest that the near-surface fault systems in this tectonic setting must be characterized in order to mitigate future earthquake disasters.
The damaged area is a densely populated area along a previously mapped fault that runs northeast from the Parang Tritis area to the Bantul area and continues northward to the Klaten region (Abidin et al., 2009; Fig. 1) . We refer to this mapped fault running parallel to the Opak River as the Opak River fault (Walter et al., 2008) . The presence of the major southwest-northeast trending Opak River fault is thought to limit the area of tectonic subsidence of the Yogyakarta graben (Rahardjo et al., 1977) . As a result, it was believed that the 2006 Yogyakarta earthquake occurred on the Opak River fault. However, the USGS estimated the hypocenter at east of the Opak River fault (USGS Preliminary Earthquake Report, 2006) . The Harvard Centroid Moment TenCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. sor (CMT) solution (Harvard-CMT, 2006) suggests a significant strike-slip rupture to the east of the disaster area, and the NEIC Fast Moment Tensor (FMT) solution shows the earthquake to be on the southern section of the Opak River fault ∼25 km south of Yogyakarta (NEIC-FMT, 2006) , as shown in Figs. 1 and 2(c). Nakano et al. (2006) estimated that the source was located approximately 10 km southsoutheast of Yogyakarta City at a depth of 10 km (NIED in Figs. 1 and 2(c) ). Because of a scarcity of seismic stations in this area, the focal spheres estimated by several groups are widely distributed. The aftershocks determined by a temporary network of seismic stations outline an area 20 km long with a N50
• E strike east of the Opak River fault (Walter et al., 2007 (Walter et al., , 2008 , as shown in Fig. 2(c) . Therefore, the fault location and its geometry have not been clearly determined.
This paper describes surface deformation associated with the 2006 Yogyakarta earthquake detected using interferometric SAR (InSAR) analysis and discusses an inferred fault associated with the earthquake rupture. This study may be the first application of InSAR to seismogenic fault identification of the 2006 Yogyakarta earthquake, although Matsuoka and Yamazaki (2006) applied a damage detection technique based on time-series imagery to the SAR data set of the 2006 earthquake.
Geologic Setting
Along the Java trench, the Australian plate is subducting beneath the Java continental crust (Sunda plate) with a convergence rate of 6.7±0.7 cm/year in a direction approximately orthogonal to the trench toward Java (Tregoning et al., 1994; Kato et al., 2007) . The Australian plate dips north-northeastward from the Java trench, and the depth of the plate interface is 100-200 km beneath the island of Java (2006), and NIED (Nakano et al., 2006) . Black lines represent previously identified faults (Rahardjo et al., 1977; Walter et al., 2008) . The thick black line is the Opak River fault. The damaged area is a densely populated area along the Opak River fault that runs roughly northeast from the Parangtritis area to the Bantul area then continues northward to the Klaten region.
(e.g., Wagner et al., 2007) . The May 2006 earthquake occurred at a shallow depth in the overriding Sunda plate, well above the Australian plate; thus, the earthquake was not directly associated with the subduction regime, but rather occurred on shallower faults that were stressed by the deeper subduction mechanism. Wagner et al. (2007) interpreted the 2006 earthquake to have occurred at the edge of the weakened (fractured) area between two forearc blocks. They further argued that a change in subducting plate interface angle 150 km landward from the trench causes a northward pushing and stress accumulation in the overriding plate where the 2006 earthquake occurred. Therefore, this geological setting should be seismogenically active. Our study focused on the surface deformation around the Opak River fault ( Fig. 1(b) ). The fault bounds a region covered by young volcanic deposits (Rahardjo et al., 1977; Lavigne and Thouret, 2002) . The deposited clastic material is generally soft, consisting of breccias and pyroclastic deposits reaching a thickness of 150-200 m (Rahardjo et al., 1977) . Walter et al. (2008) argued that the young volcanic deposits filled the graben bounded by the Opak River fault and amplified the ground motion to cause the disastrous damage along the Opak River fault in the 2006 event.
InSAR Analysis
InSAR has become a powerful tool to reveal synoptic deformation of the Earth's surface. Because the hypocenter of the 2006 Yogyakarta earthquake is relatively shallow (USGS Preliminary Earthquake Report, 2006), wellcharacterized surface deformation could be expected from the InSAR analysis. We compared SAR data sets acquired before the earthquake (29 April 2006) and after the earthquake (14 June 2006). The SAR data were acquired by the Phased Array Type L-band Synthetic Aperture Radar (PALSAR) instrument on the Japanese Advanced Land Observing Satellite (ALOS) "Daichi" launched in 2006. Two-or three-dimensional displacement can be estimated by combining measurements from several InSAR observation orbits. However, as we had only one pre-earthquake SAR data for the study area, we measured displacement only along the radar line-of-sight (LOS) direction (arrow in Fig. 2 ; Table 1 ). Data processing was performed using GAMMA software. To eliminate the effect of the difference in the satellite positions for the two acquisitions of a pair, we used ∼90-m mesh digital elevation models (Shuttle Radar Topography Mission; SRTM-3). We further applied an adaptive filter (Goldstein and Werner, 1998; Li et al., 2006) for the SAR interferograms ( Fig. 2(a) ) because the interferograms contained high-frequency noise that obscured large-scale deformation associated with the earthquake. This filtering process significantly improved our results (Fig. 2(b-e) ).
The ground surface displacement inferred via InSAR (Fig. 2) demonstrated that deformation occurred at ∼10 km east of the Opak River fault. The estimated surface trace of this earthquake rupture fault (red line in Fig. 2(d) ; red arrows in Fig. 2(e) ) is parallel to the Opak River fault (thick black line in Fig. 2(d) ; black arrows in Fig. 2(e) ) and directly above the hypocenter reported by USGS (USGS Preliminary Earthquake Report, 2006). Although the deformation was near the edge of the analyzed area, the displacement was clearly apparent. Because this fault trace is not related to the topographic boundary associated with the Opak River fault (Fig. 2(e) ), the estimated displacement was not affected by surface geometry. The absence of clear surface deformation along the Opak River fault (Fig. 2(e) ) led us to conclude that it did not experience coseismic slip in this event.
We identified a linear surface deformation across Yogyakarta (orange line in Fig. 2(d) ; orange arrow in Fig. 2(e) ), striking parallel to the earthquake rupture fault. The ground surface to its east was moving away from the satellite and, therefore, the damage area covered by young volcanic deposits (Walter et al., 2008) appears to be an area 
Discussion
Based on the aftershock distribution determined by the temporary dense seismometer network of the German Task Force, Walter et al. (2007) demonstrated that the Yogyakarta earthquake rupture fault lies 10-20 km east of the disaster area, outside of the topographic depression associated with the Opak River fault. Our results are consistent with this location of the aftershock cluster (red dots in Fig. 2(c) ) (Walter et al., 2007 (Walter et al., , 2008 . Although the aftershock hypocenters are distributed at a depth of 8-15 km, we observed clear deformation at the ground surface. Therefore, the deformation seems to be propagating upward to the ground surface from the coseismic fault plane. Our study further reveals that the fault geometry is not straight. The fault trace appears to be bending at its southern termination as if it were a splay from the Opak River fault (Fig. 2(d) ).
Using GPS observations, Abidin et al. (2009) showed that horizontal coseismic displacements around Bantul and Yogyakarta are mostly <10 cm, with south and southwest directions. Because the GPS observation points are mostly located on the western side of the ruptured fault trace, these displacements are consistent with our results. Abidin et al. (2009) modeled the fault geometry from the GPS-derived displacements, using the Okada model (Okada, 1985) and a genetic algorithm, as a left-lateral fault with a strike of N48
• E and a dip of 89
• located slightly to the east of the Opak River fault. This model is consistent with the surface deformation we obtained via InSAR.
At the north end of the aftershock cluster, the aftershocks distributed at a depth ranging from 8 to 15 km lie slightly east of the fault trace estimated via InSAR (Fig. 2(c) ). Therefore, the earthquake rupture fault plane may be eastdipping (Fig. 3) . The velocity model inverted from active and passive seismic data (Wagner et al., 2007) showed that an east-dipping low-velocity zone due to developed fractures occurs below this region. Furthermore, the surface deformation showed that the eastern side of the newly observed fault moved toward the satellite (warmer color in Fig. 2(b-d) ). It is difficult to distinguish pure strike-slip movement because the LOS direction is almost perpendicular to the fault trace. Therefore, we infer that the coseismic displacement had a component of reverse slip in addition to Fig. 3 . Schematic diagram of the relation between the earthquake rupture fault (red line), the Opak River fault (black line), and subsidence in young volcanic deposits. The displacement across Yogyakarta may reflect normal fault displacement on a slip plane associated with a forebulge. The orange zone represents the low-velocity region (Wagner et al., 2007) .
the strike-slip along the steep fault plane and that the eastern side of the fault experienced up-dip displacement ( Fig. 2(e) , Fig. 3 ). The linear zone of deformation across Yogyakarta on the InSAR map (orange line in Fig. 2(d) ) appears to bound a zone of subsidence in the young volcanic deposits west of the Opak River fault that corresponds to areas of strong ground motion (Walter et al., 2008) . Therefore, there is a possibility that strong ground motion induced the subsidence of the volcanic deposits (Lavigne and Thouret, 2002) . Furthermore, if the earthquake rupture fault indeed has a reverse component, it may be that the subsurface displacement in Yogyakarta occurred at a normal fault associated with the forebulge to that fault, shown schematically in Fig. 3 , given that the linear deformation across Yogyakarta is parallel to the earthquake rupture fault.
Summary
(1) The deformation map estimated by InSAR indicates that surface deformation occurred ∼10 km east of the Opak River fault, which was previously thought to be the seismogenic fault for the 2006 Yogyakarta earthquake. We were unable to identify clear deformation along the Opak River fault.
(2) Our SAR study showed that the earthquake rupture fault trace was parallel to the Opak River fault, bending toward it at its southern termination.
(3) The fault trace of our inferred seismogenic fault is consistent with aftershock epicenters determined by temporary dense seismometer network.
(4) The earthquake displacement had a component of reverse slip in addition to the strike-slip along the eastdipping fault plane.
(5) A linear deformation zone across Yogyakarta was identified on the InSAR deformation map. The young volcanic deposits along the Opak River fault seem to have undergone subsidence that may have resulted from strong ground motion. We further speculate that the existence of this subsurface displacement plane may be due to normal faulting at the forebulge of the seismogenic fault.
